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ABSTRACT 
On 28 June 2012, a huge disastrous debris flow occurred in Aizi gully watershed which is situated in 
Ningnan County, Sichuan Province, China. This debris flow event not only resulted in 40 people being 
dead or missing, but also seriously affected the construction process of Baihetan Hydropower station. 
With the aim of reducing the influence of the debris flow on local economy development and people’s 
life, a field investigation and remote sensing interpretation were carried out to explore the whole 
condition of this area, including the amount of loose deposits, topography conditions and rainfall 
amount, etc. We concluded that the loose materials, rainfall conditions and topography still satisfied the 
conditions for debris flow initiation. In the future, under intensive rainfall a large scale debris flow could 
probably occur in this area, which would pose a grave threat to the safety of the residents. To reduce the 
risk posed by future debris flows in Aizi gully watershed, a soil-water coupling model was employed to 
calculate the mixture density, and evaluate the occurrence probability of the debris flow, and assess the 
corresponding warning grade. On the basis of the results of model calculation, combined with the 
real-time rainfall condition, timely forecast information can be issued. This in turn can significantly 
facilitate disaster mitigation and prevention, and the potential disaster of debris flow in Aizi gully can be 
minimized. 
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INTRODUCTION 
The 2008 Wenchuan Earthquake in Sichuan Province, China generated many landslides, which 
produced a huge amount of loose deposits. These loose deposits have caused a dramatic increase in 
debris-flow occurrence in subsequent years[1]. Debris flows are recognized as a significant hazard in 
mountainous areas. Due to its sudden onset, debris flow often causes serious casualties and property 
loss[2,3]. Their high mobility can cause damage, not only inside and adjacent to the torrent, but also on 
the alluvial fan. Because many important facilities have been constructed on alluvial fans, the risk 
related to debris flows has been heightened greatly[4,5]. Furthermore, debris flows have a significant 
destructive power and usually lead to serious disasters in mountainous areas, particularly due to their 
high velocity, long run-out distance, large volume and huge capacity for transporting large and heavy 
items such as trees and rocks[6]. To mitigate the effects of such hazards, numerous methods and 
techniques have been proposed or tested over a long period[7,8]. However, according to the literature 
and a generalized consensus among experts, debris flow initiation mechanism have turned out to be 
very complicated, and a rigorous scientific approach to solving this problem has been needed due to 
the uncertainties in data collection, as well as in model selection and application [9,10].  
Many researchers have focused on prediction of their occurrence[11,12] and estimation of their 
magnitude and runout distance in order to reduce associated risk. However, as debris flow usually 
occur in remote mountainous areas, it is difficult to observe them due to their sudden occurrence and 
rapid development. There is rarely a chance to witness the initiation and movement of natural debris 
flows even for an expert or a scholar who has been pursuing disaster prevention of debris flow[5,13-15]. 
As an important means of disaster mitigation, debris flow forecasting has been much studied by 
researchers. The formation mechanism of debris flow is considered as the theoretical foundation of 
debris flow forecasting[2,3]. But the formation mechanism of debris flow is incompletely understood 
due to the complexity of the formation processes. Previous researchers mainly focused on the 
prediction models for disaster mitigation and prevention, and many models were established, which 
are almost entirely statistics-based and rely on a vast majority of former debris flow events to 
determine the rainfall threshold. Due to the variation of regional rainfall data and underlying 
conditions, the rainfall threshold can be difficult to determine, and the accuracy cannot be guaranteed, 
and so this approach cannot meet the need of disaster mitigation. A mechanism-based forecast 
approach is the effective way to reduce the disasters caused by debris flow events[16-20]. 
STUDY AREA 
Aizi gully has a catchment area of 65.55 km2, and is located on the left bank of Jinsha River 
within the Baihetan hydropower project area(15 million KW), which is the second largest 
hydropower station in China. On 28 June 2012, at 5:40am, a sudden catastrophic debris flow 
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destroyed Yanzi village garden, which is located in the outlet of Aizi gully, resulting in 40 people 
dead or missing. Aizi gully watershed climatically falling into a subtropical monsoon climate zone 
with a distinct dry and wet season. The study area is composed of three confluence areas: the 
confluence area of Aizi gully, Gualv gully and Niluohan gully. The west side is higher than the east 
and the total length of Aizi gully is 21.96km. On both sides of the main gully, the tributary is narrow 
and deeply cut, and the mean gradient of the main gully is 155‰. In Aizi gully watershed, the 
maximum altitude is 3646m while the minimum is 604m, giving a maximum relief of 3042m. The 
vegetation in the watershed is prominently vertically distributed. The main superficial soil includes 
red soil, mountainous yellow soil, brown soil and meadow soil, among which red soil is the main soil 
type. The bedrock mainly includes Ordovician dolostone, limestone, sandstone, Cambrian dolomite, 
sandstone, Sinian system dolomite and Permian basalt.  
METHODOLOGY 
After the occurrence of the debris flow on the 28 June 2012, a field investigation and remote 
sensing interpretation were conducted systemically, which allowed us to obtain fundamental data of 
the study area, which included the distribution of the loose deposits, geological conditions, 
meteorological conditions, historical rainfall data, seismic activity, and geomorphic characteristics. 
Subsequently, relevant models were employed to calculate the amount and factor of safety of the 
loose deposits. Based on the results of model calculations, meteorological conditions and the 
topography of the study area, preliminary analysis was performed, and we found that the loose 
deposits, energy and triggering conditions in Aizi gully watershed still easily satisfy debris-flow 
initiation conditions. Therefore, without engineering countermeasures or early warning systems, the 
debris flow in Aizi gully watershed will pose a great threat not only to local economic development, 
but also the safety of the local residents. In addition, Aizi gully is situated in the upper stream of 
Baihetan hydropower station, from where to the outlet of Aizi gully is only 6.1km. Therefore a debris 
flow in the watershed can greatly affect the construction process. Furthermore, after the completion of 
the dam, debris flow material can greatly reduce the capacity of the reservoir, which will reduce the 
power generation capacity. The main objective of this paper is to forecast the probability of the debris 
flow in Aizi gully based on water-soil coupling mechanism, to allow early warning information to be 
released during the rainy season. 
Remote sensing interpretation and field investigation 
With the aid of remote sensing interpretation, the distribution of loose solid material can be 
drawn, Fig.1. Generally, the formation of debris flow involves two water-soil coupling phases. First, 
the coupling of the rainfall and the soil mass of the slope, which leads to the soil mass instability. 
Subsequently, the coupling of runoff and unstable soil, results in the formation of debris flow. Both 
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are taken as the basic principles for the forecast model of debris flow based on the water-soil coupling 
at the watershed scale. In the coupling model, rainfall plays a key role in triggering debris flow 
initiation. 
 
Figure 1: The distribution of loose solid materials in Aizi gullly 
Influence of rainfall on the failure of soil mass 
The stability of the soil varied as the rainfall lasted. Previous research has confirmed that the 
depth of the unstable soil varies from 0.5 to 2 metres[2]. Prior to the rainfall infiltration, the soil mass 
of the slope is mainly unsaturated. Along with the rainfall infiltration, the increase of the soil water 
content will decrease the matrix suction of the soil mass, which leads to the failure of soil mass. In 
this study, the slope stability under the action of the rainfall infiltration is analyzed based on the 
infinite slope model using the factor of safety ( sF ). The shallow failure surface governed by the 
Mohr-Coulomb rule is assumed to be parallel to the slope surface (Fig. 2). 
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Figure 2: Infinite slope model for analyzing slope stability 
The shear strength of the unsaturated soil proposed by Fredlund and Rahardjo is shown as 
following: 
b
waanf uuuc ϕϕστ τan)(τan)( −+−+=                (1) 
Therefore, on the basis of Eq.1, the limit equilibrium formula can be expressed as following: 
  
F
uc
F
b
a
s
ϕψϕσ τanτan)( +−+
=                     (2) 
The shear force F which induces the slope instability at the shear plane is defined by the 
downslope parallel component of the soil mass gravity, and it can be expressed as following: 
βγβ 2cossin sτHWF ==                      (3) 
The normal stress at the shear plane can be expressed as following: 
   βγβσ 2coscos sτn HW ==                      (4) 
Compared Eqs. 2, 3 and 4, the final form of the limit equilibrium formula can be derived. 
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where c is the soil cohesion force, φ is the internal friction angle, au is pore air pressure and 
equivalent to zero, bϕ  is related to matrix suction (It is close to the internal friction angle (φ) in the 
condition of low matrix suction), sH is the depth of soil, wa uu −=ψ  is matrix suction of the 
soil (it is the function of the soil water content, and is described by Van Genuchten model)[21]. 
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where eS  is the saturated degree, sθ is the saturated water content of the soil, rθ is the residual 
water content of the soil, θ is the soil water content of the current hour, α ,n and m are the 
parameters of the curve, and mn 11 −= . 
Amount of the loose deposits in Aizi gully watershed 
The loose deposits can be generally subdivided into four categories (Fig.3): residual deposits, 
colluvial deposits, landslide deposits and ancient debris flow deposits. With the help of field 
investigations, the distribution of the loose deposits can be identified, and preliminary stability of 
each slope can be analyzed. To better evaluate the amount of the loose deposits, the calculation model 
was employed to compute the safety factor, and determine the stability of the slopes. Combining the 
results of field investigations and model calculation, the total amounts of the loose deposits can be 
determined, and are shown in Table 1. 
 
Vol. 22 [2017], Bund. 14  5471 
 
  
a. Residual deposits b. Colluvial deposits 
  
c. Landslide deposits d. Ancient debris flow deposits 
Figure 3: The deposits in Aizi gully watershed 
 
Table 1: The amount of loose deposits in Aizi gully watershed 
 
Confluence 
area of Gualv 
gully (104m3) 
Confluence 
area of Niluo 
han gully 
(104m3) 
Confluence 
area of Aizi 
gully (104m3) 
Total amount of 
the deposits in 
Aizi gully 
watershed (104m3) 
Amount of loose 
deposits probably 
supply to debris flow 
formation (104m3) 
Residual 
materials 940.18 407.09 1041.54 2388.1 796 
Colluvial 
deposits 6.472 0.162 6.096 1158 579 
Landslide 
deposits  90.1 765 855.1 285 
Ancient 
debris flow 
deposits 
  411 411  
Previous research revealed that not all loose deposits can contribute to the formation of debris 
flow. The probable amount of the loose deposit which participates in debris flow formation mainly 
depends on the entrainment capability of the runoff during rainfall. To explore the amount of the 
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loose deposits which can participate in debris flow formation, the unstable soil layers on each slope 
were evaluated meticulously, and the relevant volume was determined. On the basis of the determined 
amount of the loose deposits, and combined with the prediction model, the conditions for initiation of 
the debris flow in Aizi gully watershed can be established. 
Rainfall condition in Aizi gully watershed 
The rainfall data was collected from local meteorological stations, and historical rainfall data was 
acquired with the help of the local government, which greatly facilitated the following calculation 
process. The historical maximum rainfall data is shown in Table.2, by which we found that the 
rainfall in Aizi gully was mainly concentrated in June and July, Fig.4.  
 
Figure 4: The mean precipitation from 1986 to 2005 in Aizi gully watershed 
Table 2: The maximum rainfall of each month in Aizi gully from 1986 to 2005 
Month 1 2 3 4 5 6 7 8 9 10 11 12 
Maximum 
rainfall(mm) 
25.7 15.4 34.8 23.4 40.1 138.0 105.7 94.8 63.0 57.7 28.4 15.2 
Occurrence 
in the year 
1992 2000 1994 2004 2003 1998 1992 2004 1989 1995 1995 1987 
Occurrence 
in the day 
21 27 21 15 28 18 5 23 4 8 2 15 
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Soil-Water coupling model 
The coupling process between the runoff and unstable soil on the slope will result in the 
formation of debris flow. Due to the complexity of the formation processes, related numerical or 
physical models are rarely seen at present[22]. From field observation, we found that debris flow is a 
water-soil mixture with a high density. As a characteristic value of the debris flow, the density is an 
important index to distinguish the flood, hyper-concentrated flow, dilute debris flow and viscous 
debris flow, which also represents the proportion of solid material in a debris flow. The density of the 
mixture reaching a certain value is a necessary condition for debris flow formation, but it is not a 
sufficient condition. Therefore, the bulk density can be employed to evaluate the probability of debris 
flow formation, but we cannot determine that debris flow will certainly happen. Apparently, the 
bigger the bulk density of mixture, the bigger is the formation probability of debris flow, but there is 
no function available to reveal this relationship. According to Kang[23], the density of debris flow 
varies from 1.1 to 2.3 g·cm-3. If the density of the mixture is divided into a series of reference 
intervals as in Table 1, the formation probability of debris flow becomes larger from 1st interval to 
5th interval of the density[2]. Five grades of debris flow warning are defined according to these 
density intervals as Table 3. 
Table 3: Probability of debris flow formation on the basis of bulk density of water-soil 
mixture 
Standard debris flow 
density(g/cm3) 
2.1<ρ
 
5.12.1 −<ρ  
8.15.1 −<ρ
 
0.28.1 −<ρ  3.20.2 −<ρ  
Probability of debris flow(%) 0-20 20-40 40-60 60-80 80-100 
Grade of early warning 1st 2nd  3rd 4th  5th 
Colour of early warning No Colour Blue Yellow Orange Red  
The bulk density of the mixture is a key factor of this model, which can be estimated from the 
rainfall runoff and the potential volume of the failure soil mass with the following equation: 
     
sw
ssww
vv
vv
+
+
=
ρρρ                              (8) 
where ρ is the bulk density of the water-soil mixture, wρ is the bulk density of water, sρ  is the 
bulk density of solid particle (generally, 7.2=sρ g/cm
3), wv is the volume of the runoff and sv is 
the volume of failure soil mass. 
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RESULTS AND DISCUSSION 
Having analyzed the amount of the loose deposits, meteorological condition and topography, we 
found that Aizi gully still has the potential to form large debris flows. Therefore, without engineering 
countermeasures or an early warning system, a catastrophic disaster can be caused by a debris flow in 
this watershed. With the aim of reducing the risk and improving the development of the local 
economy, and guaranteeing the security of the residents in this area, timely and accurate forecast 
information is the efficient way to achieve this goal. Therefore, the density of the mixture is 
employed as a prediction index in this paper. The results of the calculation may be compared with 
Table.3 to determine the warning grade. 
In terms of the water-soil coupling Eq. 8, with the aim of using the mixture density ρ for issuing 
the prediction information of the debris flow in Aizi gully watershed, the total amount of the unstable 
soil mass sv and runoff wv  due to rainfall process should be estimated in real-time. The two key 
parameters are closely related with the variation of soil water content, matrix suction and runoff under 
the action of the rainfall. Therefore the hydrological process in Aizi gully watershed should be 
simulated to get these hydrological parameters[24,25]. 
In section 3.2.1, we identified that the rainfall mainly concentrates in June and July. Therefore, 
we use the cumulative rainfall data in these two months to calculate the bulk density of the water-soil 
mixture. Comparing the results of calculation with Table.3, the Probability of debris flow occurrence 
can be estimated. With the aim of reducing disasters caused by the debris flow in Aizi gully 
watershed, an early warning system can be established[26]. Forecast information can be issued in a 
timely manner with the help of local meteorological stations.  
Combining the field investigation with the soil-water coupling model, the critical rainfall for each 
interval can be identified. In this paper, we used 10mins rainfall, 1hour rainfall and 24hours rainfall as 
the forecast indices to predict the occurrence of debris flow. Through calculation, we found that 
without antecedent rainfall, as the cumulative rainfall in 24hours reached 30mm, the density of the 
mixture was in the interval corresponding to the 4th grade of debris flow warning. Moreover, if the 
antecedent cumulative rainfall within the five days prior to the rainfall event reached 18mm, the 
24hours cumulative rainfall less than 30mm would probably trigger the occurrence of debris flow in 
Aizi gully watershed. In terms of 10mins rainfall, as the rainfall amount in 10mins reached 4.48mm, 
the density of the mixture was in the interval corresponding to the 3rd grade of debris flow warning. 
Furthermore, when 1hour rainfall was employed as the index to forecast the occurrence of debris flow 
in the watershed, by computation we found that as the 1hour rainfall reached 7.88mm, the density of 
the mixture is falling into the 3rd warning grade. As the cumulative rainfall increased, the probability 
and scale of the occurrence of the debris flow in Aizi gully increased. To better fulfill the demands of 
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disaster mitigation and prevention, an early warning system based on critical rainfall can be 
established in this watershed, which can greatly beneficial to debris flow forecast. 
CONCLUSIONS 
Having analyzed the formation mechanism of the debris flow in Aizi gully, we found that the 
debris flow formation process can be described as follows: the run-off generated by rainfall entrained 
a huge amount of loose material as it flowed down the slope. This caused shallow slides, and 
transforming the process into debris flow in a second stage. After this initial phase, the debris flow 
volume increased rapidly by a chain of subsequent cascading processes starting with collapses of the 
sidewalls of the banks, damming and breaching, leading to a rapid widening of the erosion channel. In 
terms of erosion amount, the subsequent mechanisms were much more important than the initial one. 
The damming and breaching were found to be the main reasons for the huge magnitude of the debris 
flows in Aizi gully watershed.  
With the help of field investigation and remote sensing interpretation, we found that the loose 
deposits, rainfall condition and topography condition still satisfied the demands of debris flow 
initiation conditions. Therefore, the debris flow in Aizi gully watershed can pose a great threat to 
local economic development and the security of the residents. In order to reduce the risk posed by the 
debris flow in this area, we used the soil-water coupling model to calculate the density of the mixture, 
and took this as the index to forecast the probability of the occurrence of the debris flow. We used the 
cumulative rainfall amount in 10mins, 1hour and 24hour periods to compute the mixture density, and 
compared the calculated results with Table.3, so that the warning grade can be identified. The critical 
rainfall for 10mins, 1hour and 24hours are 4.28mm, 7.78mm and 30mm, respectively. As the amount 
of rainfall increased, the probability of the occurrence of debris flow increased, and the warning grade 
becomes higher. Base on the above analysis, with the aid of local meteorological station data, the 
real-time rainfall data can be acquired and the forecast information can be issued in a timely way. 
This in turn can greatly benefit disaster mitigation and prevention, which can facilitate the 
development of the local economy and enhance people’s safety. 
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